Abstract: A high-resolution THz-spectrometer without mechanical delay-line is demonstrated. THz-field-transients with 1 ns duration are acquired at 9 kHz scan-rate. Spectra up to 3 THz are obtained with a 40 dB signal-to-noise ratio within 250 s of total measurement time.
THz time-domain spectroscopy (THz-TDS) is commonly based on pulsed THz radiation that is repetitively generated by a train of femtosecond laser pulses in a suitable emitter. A second time-delayed pulse train originating from the same laser is used to detect the THz electric field via a photoconductive antenna or the electro-optic effect. Time-delaying is accomplished with mechanical delay stages which are generally limited in scanning speed and hence limit the signal-to-noise ratio achievable in a given measurement time. Concepts for THz-TDS without mechanical delay generators and potentially higher scan rates employ two separate ultrafast lasers with a small repetition rate difference ∆f R . They provide two pulse trains whose time-delay is linearly ramped between zero and the inverse laser repetition frequency f R at a rate given by ∆f R [1, 2] . This concept is generally referred to as asynchronous optical sampling (ASOPS) [3] . Recently, an ASOPS based free-space THz-TDS system with a scan rate of ∆f R =108 Hz and a bandwidth of 120 GHz, limited by the laser stabilization, has been demonstrated [1] . In order to fully exploit the advantages of ASOPS for THz-TDS in terms of acquisition speed, frequency bandwidth and resolution, scan rates of several kHz and better repetition rate stabilization are obviously necessary. Janke et al. demonstrated a high-speed implementation of ASOPS using two modelocked Ti:sapphire lasers with f R =1 GHz and a scan rate in the multi-kHz regime for the detection of electrical transients on integrated coplanar resonators. Due to limitations of the laser stabilization, the bandwidth was limited to 500 GHz [2] . Here, we present a rapid-scanning high-resolution free-space THz spectrometer based on a high-efficiency largearea GaAs-based THz emitter chip and a dual laser system that comprises two Ti:sapphire femtosecond oscillators with 1 GHz repetition rate and an improved active offset frequency stabilization (Gigajet TWIN and stabilization unit TL-1000, Gigaoptics GmbH, Germany). Its performance is demonstrated in a measurement of THz absorption spectra of water vapor at frequencies up to 3 THz.
The two Ti:sapphire femtosecond oscillators with repetition rates f R,1 and f R,2 of ≈1 GHz both deliver ≈500 mW of output power (at 3.2 W pump power) with a pulse duration of 30 fs. We use laser 1 as master-laser and actively link laser 2 to it at a difference of ∆f R =9 kHz (see Fig. 1 for experimental scheme). An electronic signal at f R,1 obtained with a fast photodiode (PD1) is upshifted in frequency by 9 kHz using a frequency shifter. f R,2 is detected with a second photodiode (PD2) and linked to the upshifted repetition rate signal of laser 1 with a phase-locked loop that acts on the laser cavity length via a piezoelectric transducer. The time-delay between the pulse trains is then
-1 if laser 2 is used as pump laser and t is real-time. The jitter of the time-base τ(t), i.e. the overall time-resolution of our setup, is 230 fs as has been characterized via a cross-correlation signal between the two lasers using non-collinear sum-frequency generation in a ΒΒΟ−crystal.
a704_1.pdf CMCC6.pdf 1-55752-813-6/06/$25.00 ©2006 IEEE Laser 2 drives the THz emitter which consists of a large-area interdigitated finger structure on a semi-insulating GaAs substrate [4] . Optical excitation is performed under normal incidence with an average power of 400 mW. The emission bandwidth amounts to ≈3 THz. The efficiency of these emitter reaches up to 10 -4 , corresponding to several 10 µW of average THz power. The THz pulse is emitted through the GaAs substrate and collected with a 90° offaxis parabolic mirror. It is refocused with another paraboloid for electro-optic detection in a ZnTe crystal with 200 µm thickness [5] . The probe pulse is focused to the same spot as the THz pulse on the detector crystal and its polarization behind the ZnTe crystal is analyzed with a half-wave plate (λ/2) and a polarizing beam splitter (PBS). Instead of using the common scheme where the difference between perpendicular polarizations is detected, we place a single photoreceiver in one of the beams behind the PBS to obtain the electro-optic signal. The reason for this scheme is to avoid bandwidth limitations introduced by available difference amplifiers. The photoreceiver is ACcoupled and has a bandwidth of 125 MHz. Its output is directly supplied to a 200 Ms/s 14 Bit A/D converter on a PCI board which is triggered by the laser stabilization electronics. The data acquisition board acquires hardwarebased averages over 1024 single scan traces which are displayed at a rate of 4 Hz on the computer. An arbitrary number N of software based averages can be computed. In general, laser repetition rates in the range of 1 GHz are favorable for ASOPS in order to achieve a sub-ps time-resolution and at the same time a scan-rate in the multi-kHz regime, since they reduce the required optical detection and data acquisition bandwidth to practically accessible values in the range of 100 MHz. THz transients with different N were acquired such that the total number of averaged single scan traces is N×1024. The acquisition time for each data set is N×0.25 s. A measurement with N=1,000, acquired under purging of the setup with nitrogen, is displayed in Fig. 2a . Pre-and post-pulses that are due to multiple beam reflections at various locations in the setup cause the modulations of the Fourier-transform spectrum shown in Fig. 2b . Measurements with water vapor present in the setup were performed for the same values N in order to calculate absorption spectra as shown in Fig. 2c . Absorption lines at frequencies up to 3 THz are clearly identified, all lines can be attributed to previously reported water resonances [6, 7] . The width of the absorption resonances is ≈11 GHz, a detailed view of the line at 558 GHz is shown in Fig. 2d . The resolution limit of our high-speed ASOPS approach is 1 GHz [8] , thus we conclude that the observed spectral lineshape is likely limited by saturation and collision broadening. A detailed analysis of data with N between 1 and 10,000 shows that the signals are shot-noise limited, the signal-to-noise ratio of the Fourier-transform spectra at N=1,000 amounts to 40 dB, with a linear dependence on N.
In conclusion, we have constructed a high-resolution free-space THz spectrometer without mechanical delay line. At an unprecedented scan rate of 9 kHz, we obtain a bandwidth of 3 THz and are able to resolve water vapor absortion lines with 11 GHz width. A signal-to-noise ratio for the Fourier-transform spectra of 40 dB is obtained within only 250 s of measurement time. Our system allows to significantly reduce data acquisition times for a wide variety of spectroscopic applications and thus opens the way for high-throughput monitoring of material properties and could lead to much accelerated frame acquisition in THz imaging applications.
